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In this work, ruthenium, iron, and manganese light-harvesting metalloporphyrins
have been successfully synthesized to serve as biomimetic models of the active site of
Cytochrome P450 for the development of a green and efficient oxidation catalyst. The
covalent introduction of light-harvesting boron-dipyrrin (BODIPY) fluorophores on the
porphyrin macrocycle allows for the absorption of a broader range of visible light in
addition to that captured by the porphyrin aromatic system alone. It is expected that this
core-antenna system will increase the absorbed light energy and transfer it to the reaction
center, and thereby increase the efficiency of the catalyst. Fluorescence spectrometry was
used to identify the presence of energy transfer from the BODIPY units to the porphyrin
core, in which the fluorescence spectrum of the BODIPY overlaps with the absorbance
spectra of the porphyrin chromophore at the Q band region.
The manganese(IV)-oxo light-harvesting porphyrin was also formed by both
photochemical and chemical oxidation of the manganese(III) precursors. A kinetic plot of
the observed rate constants for the reaction of manganese(IV)-oxo light-harvesting
porphyrin with varying concentrations of thioanisole shows a linear relationship where the
slope gives the second-order rate constant kox (M-1s-1) = 0.4158, which was contrary to what

xiii

was expected given the greater range of light energy able to be utilized. Ruthenium, iron,
and manganese light-harvesting porphyrins served as oxidation catalysts that underwent
preliminary oxidation trials with both sulfide and alkene substrates. In the presence of
visible light, the ruthenium BODIPY porphyrin displayed an enhanced catalytic activity
for both the sulfoxidation and epoxidation with PhI(OAc)2 and 2,6-dichloropyridine Noxide as oxygen sources, respectively. The epoxidation and sulfoxidation reactions
catalyzed by both iron and manganese, however, fell below expectations. Possible
explanations for the lack of reactivity include stable µ-oxo dimer formation or
photodegradation of the catalysts.
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CHAPTER 1
INTRODUCTION
1.1

Overview of Cytochrome P450 Enzymes
Cytochrome P450 enzymes (CYP450) have been a subject of rigorous study for

decades. Research involving CYP450 spans back to a time before it was officially
discovered even to 1948 with Mueller and Miller researching the metabolism of
carcinogens.1 It first gained attention as a hepatic enzyme able to catalyze the
demethylation of the medication ephedrine in the presence of molecular oxygen.2,3 Later
works with this same entity identified the ability to bind to carbon monoxide and displayed
a strong spectral peak at 450 nm.4,5 The suggested classification of this enzyme as a new
cytochrome heme enzyme came in 1962 from preliminary work by Omura and Sato, in
which it was given the name of P450 for the absorbance maxima at 450 nm and further
confirmed again in 1964 by the same authors.6,7 The same works noted the ability of P450
to rapidly reoxidize upon exposure to molecular oxygen.
Over half a century of study and technological advancement has advanced to a more
thorough and accurate knowledge of CYP450s. Today, we understand CYP450 as an
enzyme superfamily of heme-binding monooxygenases consisting of tens of thousands of
members found throughout the majority of living organisms such as mammals, plants, and
some bacteria (Figure 1-1). These enzymes are responsible for a variety of critical oxidative
processes necessary for life.8,9 To our current understanding, CYP450s perform two main
functional roles. The first is the metabolism of xenobiotics, in which exogenous molecules
are oxidized to increase aqueous solubility in preparation for excretion for the protection
1

of the organism. This includes the processing of drugs, poisons, herbicides, insecticides,
etc. As well, enzymes of this superfamily participate in the biosynthesis of signaling
molecules in the body.10

Figure 1-1. Simulated structure of cytochrome P-450s.11
The roles of these CYP450 enzymes in xenobiotic metabolism and biosynthesis
Figure 1-2. Simulated structure of cytochrome P-450s.
necessitate the ability to perform various types of organic substrate oxidations. Such
Figure
1-3.include
Typesoxidation
of organic
substrate
by of
cytochrome
P-450.
oxidations
of sulfides
intooxidations
sulfoxides,catalyzed
epoxidation
olefins, oxidation
Recreated from Ji and Zhou.12Figure 1-4. Simulated structure of cytochrome P-450s.
of aromatics, and even hydroxylations of normally inert saturated hydrocarbon bonds, as
Figure 1-5. Simulated structure12of cytochrome P-450s.
well as many more (Figure 1-2). In order to perform these oxidations, CYP450 is able to
make use of normally inert molecular oxygen, inserting one oxygen atom onto the substrate
while reducing the other to a water molecule with electrons donated from NAD(P)H. The
ability for these enzymes to utilize molecular oxygen involves the modification of the

2

electronic structure of dioxygen out of the triplet state through the binding of the molecule
to the active site of the enzyme.13

Figure 1-2. Types of organic substrate oxidations catalyzed by cytochrome P-450.
Recreated from Ji and Zhou.13
The oxidative transformations performed by CYP450s utilize an iron(III) protoporphyrinFigure
1-6. Types
of group
organicforsubstrate
catalyzed
by cytochrome
IX as a heme
prosthetic
the activeoxidations
site in which
the molecular
oxygen is P-450.
bound
Recreated
Ji and
as shown infrom
Figure
1-3.Zhou.
This 12
metal atom encompassed in a tetrapyrrolic frame is a common
structure for various biological processes performed throughout nature. Examples include
Figure 1-7. Types of organic substrate oxidations catalyzed by cytochrome P-450.
the light-capturing chlorin structure found in chlorophyll, the most broadly occurring
Recreated from Ji and Zhou.12
natural macrocycle; as well as corrin, the nineteen-carbon porphyrin analog existing as the

Figure 1-8. Types of organic substrate oxidations
catalyzed by cytochrome P-450.
3
Recreated from Ji and Zhou.12

main structure in vitamin B12.14,15 The porphyrin macrocycle acts as a ligand
encompassing an iron(III) atom with nitrogen groups of the pyrrole subunits bonded to the
metal center. In the axial position of the heme structure is a cysteine thiolate ligand
contributing to the oxidative potential of the iron group and acting as a bridge to the protein
structure.16,17

Figure 1-3. Approximation of the general design of the heme-structure demonstrating its
location on the cytochrome protein and the thiolate bridge connection. Reproduced from Ji
and Zhou.13
The catalytic cycle of CYP450 and its various oxo-intermediates has been the subject
Figure
Approximation
of the
of the heme-structure
demonstrating
of
much 1-261.
study.16,18,19
This research
hasgeneral
aided indesign
the elucidation
of the oxidative
pathway asits
location
the cytochrome
protein
and the
thiolate
bridgein
connection.
from Ji
shown
in on
Scheme
1-1. The cycle
begins
with
the enzyme
a low-spinReproduced
state as iron(III)
12
and Zhou.
with
a water
molecule axial ligand. A substrate displaces the water molecule transitioning

the iron to a higher spin-state followed by a single-electron reduction from NAD(P)H to
Figure
Approximation
ofiron(II)
the general
designbyofthe
thebinding
heme-structure
demonstrating
the
iron 1-262.
center transitioning
it to
followed
of molecular
oxygen toits
location on the cytochrome protein and the thiolate bridge connection. Reproduced from Ji
4
and Zhou.12

form an iron(III) superoxide intermediate. Another electron reduction and protonation of
the distal oxygen leads to an anionic peroxy-intermediate known as Compound 0. A second
protonation of the distal oxygen and subsequent heterolytic scission of the peroxide bond
yields water and the notable high-valent radical cationic iron(IV) species termed
Compound I. Hydrogen atom abstraction from the substrate generates a substrate radical
and a less reactive neutral iron(IV) species termed Compound II. Finally, hydroxylation of
the substrate and water molecule ligation regenerates the resting state of the enzyme.16,20
A few alternative pathways exist at various points in the catalytic cycle that may return the
enzyme to the resting state without completing the traditional cycle.21

compound 0

compound 0

compound 0

compound 0

compound 0

compound 0

compound 0

compound 0
Scheme 1-1 Cytochrome P450 catalytic cycle. Three non-productive
short circuits

(dashed lines): autoxidation (A), peroxide shunt (P), and oxidase (O) pathways.
compound 0

Modified from Gray and Winkler.16
5

compound 0

Scheme 1-4 Cytochrome P450 catalytic cycle. Three non-productive short circuits
compound 0

(dashed lines): autoxidation (A), peroxide shunt (P), and oxidase (O) pathways.

1.2

Biomimetic Models of Cytochrome P450s
There is considerable interest in the understanding of complex reaction pathways and

mechanisms in which CYP450 operates. Aside from being a ubiquitous and integral entity
for the majority of life on Earth, these enzymes are able to perform efficient oxidation on
such a wide variety of organic compounds with high regio-, chemo-, and stereoselectivity.
Furthermore, the ability to activate molecular oxygen for use in oxidative transformations
is a significant point of interest that caused many to seek broader insights into the
biochemical processes of these enzymes.13

Scheme

1-2

Iron(III)

5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrin

hydroxide where TMP = tetrametsityl porphyrin (left). Compounds 0 (top right),
I (middle right), and II (bottom right). The R group represents the rest of an
mCPBA on Compound 0. Reproduced from Fertinger et al.

Scheme

1-7

Iron(III)

6
5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrin

hydroxide where TMP = tetrametsityl porphyrin (left). Compounds 0 (top right),

In the past, investigations into CYP450 and its oxidative capabilities involved
experiments using actual CYP450 enzymes requiring the isolation of the hepatic enzymes
from biological sources.22 However, given the difficulty of extraction, isolation, and
purification processes for biological complexes, there exists a need for a simpler synthetic
equivalent. It is well-known that the active site of the CYP450 enzyme on which the oxygen
atom transfer (OAT) takes place consists of an iron-protoporphyrin IX complex. This
complex forms several prevalent high-valent iron-oxo intermediates as the enzyme
progresses through the catalytic cycle, namely those intermediates termed Compounds 0,
I, and II. Each of these compounds can act as an active oxidation species depending on the
conditions and substrate, as noted by the varying branches in the catalytic cycle as shown
in Scheme 1-1. Of the three main intermediates, the high-valent iron(IV)-oxo porphyrin
radical cationic species, i.e. Compound I, is considered to be the most potent oxidant and
is postulated to serve as the premier oxidant for the catalytic cycle.23–25 Biomimetic models
of these iron-oxo porphyrin species within the active site have been synthesized and studied
for decades to allow for an enhanced understanding of the oxidation mechanisms of this
ubiquitous enzyme superfamily and the catalytic properties of the reactive intermediates
(Scheme 1-2).23,26
Metalloporphyrins have undergone a rich evolution over the years since their initial
utilization as synthetic analogs to the protoporphyrin IX core of the CYP450 active site. 27
It was found that the simplest forms of these complexes, containing only a porphyrin
macrocycle bound as a ligand to an iron atom, were not efficient catalysts for oxidation;
the porphyrin ring behaves like a more reactive substrate leading to self-hydroxylation of
the species. However, it was found that the addition of substituents at the meso-positions

7

of the macrocycle defends against this catalyst bleaching as well as allows for tuning of
the electronic environment of the catalyst with substituents of varying electronic natures.28
Research performed by Rothemund in 1936 is often considered to have laid the
foundation for the synthesis of meso-substituted porphyrin free-ligand.29,30 Rothemund’s
method of synthesis utilized reactions of pyrrole with various aldehydes. The porphyrin
structures that were synthesized have come to be known as first-generation porphyrin
structures as described by Dolphin and Traylor in which only simple substituents such as
substituted phenyl groups exist on the meso-positions of the macrocycle.31 The Rothemund
method of synthesis required reaction times of up to 48 hours and resulted in low yields
and a narrow scope on the variations of the porphyrin substituents. Decades later, Adler et
al. published an improved synthesis method for a wide variety of non-sterically hindered
meso-substituted porphyrins. Adler’s method of free ligand synthesis resulted in higher
yields and reduced the reaction time from days to minutes.32,33 Another major milestone
was set by the work of Lindsey et al who established efficient methods for obtaining
porphyrin free ligand bearing sterically-hindered ortho-substituted phenyl groups.34,35 The
methods published by Adler and Lindsey have continued to be utilized for the synthesis of
the CYP450 active site analogs.36,37
This new catalyst design using substituents on the phenyl groups attached to the
meso-position of the macrocycle is considered as the second generation of porphyrin
catalysts. With the functionalization of the phenyl groups, the electronic environment of
the catalyst is altered changing its catalytic properties after undergoing the insertion of a
metal. This allows for the increase or decrease in the electrophilicity of the metal center as
well as altering the catalyst stability and redox potential.31,38,39 Further halogenation of the

8

porphyrin macrocycle on the β-position constitutes the third generation metalloporphyrins.
All three generations of metalloporphyrin catalysts are shown in Figure 1-4.

Figure 1-4. Metalloporphyrin generations: first generation (a), second generation (b), and
third generation (c). Retrieved from Barona-Castaño.27
The high-valent iron(IV) radical cationic species termed Compound I is noted to be
Figure
Metalloporphyrin
generations:
first generation
(a), catalytic
second generation
the
most1-1673.
reactive
of the oxo-intermediates
within
the CYP450
cycle and(b),
is
26
and third generation
Retrieved
from
Barona-Castaño.
postulated
to act as the(c).
primary
active
oxidant
within the cycle.23,24 Biomimetic analogs of

these compounds have served as useful models for CYP450 research and selective
Figure 1-1674. Metalloporphyrin generations: first generation (a), second generation (b),
oxidation catalyst design. The first reported synthesis and characterization of a synthetic
and third generation (c). Retrieved from Barona-Castaño.26
Compound I model were published by Groves et al. The iron porphyrin was used to
catalyze the hydroxylation and epoxidation of hydrocarbons using iodosylbenzene as a
Figure 1-1675. Metalloporphyrin generations: first generation (a), second generation (b),
and third generation (c). Retrieved from Barona-Castaño.26
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Figure 1-1676. Metalloporphyrin generations: first generation (a), second generation (b),

sacrificial oxidant. This work paved the way for a new direction in biomimetic oxidation
catalysis becoming a point of reference for many academic researchers for decades
afterward who will expand on the work and varying the catalyst design in substituents,
macrocyclic structure, axial ligand, and exchanging the iron center with other metals,
among many other aspects.36,40,41
Much interest has been garnered from manganese porphyrin catalysts. Manganese
porphyrin complexes are more active compared to their iron counterparts and so tend to be
used in the creation of CYP450 model systems. Early examples of this can be seen in work
published by Weschler et al in which a meso-tetraphenylporphyrin(pyridine)manganese(II)
complex is generated and isolated in order to study the reversible adduct formation of the
manganese porphyrin and dioxygen. Further, Groves et al in 1980 indicated that Mn(V)oxo porphyrin complexes could be generated for catalytic epoxidation and hydroxylation,
showing promise.41,42 It has been shown that Mn(V)-oxo intermediates are more reactive
than even the Fe(IV)-oxo cationic radical species.43,44
In a similar vein, ruthenium porphyrin complexes have been of great interest.
Computational studies suggest that a ruthenium(IV)-oxo species could be relatively stable.
As well, Ru(V)-oxo species have demonstrated potential for aerobic photochemical
oxidation formed via a disproportionation mechanism. It demonstrated high reactivity in
comparison with Compound I analogs. Ruthenium porphyrin shows great potential in the
search for a greener, more robust oxidative catalyst.45–47
1.3

Importance of Oxidation Reactions
Oxidative transformations are integral and commonplace processes in a multitude of

fields such as pharmaceutical production, organic synthesis, polymer chemistry, and petrol
10

chemistry. 48–50 The C-H oxidation is of particular interest to many within industry given
the resources available, such as petroleum-based constituents such as oil and natural gas,
which can serve as large chemical feedstocks. Oxidation is a useful method for the
functionalization of hydrocarbons, such as saturated alkanes, olefins, and aromatic
compounds into useful oxidized products such as epoxides, alcohols, and carbonyl
compounds. It also opens the door to further transformations of inert petroleum constituents
into other useful chemical products. Millions of tons of these products are produced
globally and find uses in multiple chemical industries.51,52
As well, there has been growing attention in the process of sulfide oxidation and
applications of sulfoxides. The selective oxidation of sulfur compounds is a valuable
transformation within industry as these sulfoxide compounds are the intermediates for
many biologically active molecules and pharmaceuticals such as anti-bacterials, antiulcers, and psychotonics, among others.53–56 Sulfoxide-containing complexes can also be
utilized for chemical synthesis such as with functional group transformations, oxidations,
or use as a solvent such as dimethylsulfoxide.57,58 The oxidation of sulfides is also of
interest for the removal of sulfide contaminants in fuels. Combustion of unreformed fuel
can lead to poisoning of the platinum converter in vehicles and the release of toxic sulfur
dioxide. Oxidation of the sulfide contaminants allows for easier removal.59–61
Catalysis has been in use for many important industries for hundreds of years and has
undergone significant evolution in that time.62 A significant portion of global gross product
relies on catalysis, such as those involved with chemicals and fuels.63 Catalytic oxidation
is an important subcategory within industrial catalysis. The pharmaceutical industry
currently employs many large-scale catalytic oxidation processes for drug production.64
11

However, many current methods of oxidation leave much to be desirable. For the
production of sulfoxides, often the most common reagents used can lead to over-oxidation
to sulfone. For sulfoxide formation, the reaction conditions must necessarily be tailored to
reduce the production of this over-oxidized product.65 There is a need for greener, more
robust catalysts that can efficiently and selectively oxidize organic substrates.
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CHAPTER 2
EXPERIMENTAL SECTION
2.1

Materials
All commercial reagents were of the best available purity and utilized as received

unless otherwise noted. All solvents including dichloromethane, hexane, ethyl acetate,
methanol, acetone, acetonitrile, ethanol, N,N-dimethylformamide, propionic acid, toluene,
dichloroethane, 1,2,4-trichlorobenzene, and chloroform were purchased from SigmaAldrich Chemical Company or Fisher Scientific and utilized as received. Pyrrole and 2methylpyrrole were purchased from Sigma-Aldrich Chemical Company and freshly
distilled before synthesis. Substrates used for catalytic oxidations were used as purchased
from Sigma-Aldrich Chemical Company including thioanisole, 4-fluorothioanisole, 4chlorothioanisole, 4-methylthioanisole, 4-methoxythioanisole, diphenyl sulfide, styrene, 4fluorostyrene, 4-chlorostyrene, 4-methtylstyrene, cis-cyclooctene, and cis-stilbene.
Trifluoroacetic acid (TFA), p-cyanobenzaldehyde, sodium hydroxide, sodium sulfate,
diisobutylaluminum hydride (DIBAL-H), ammonium chloride, 2,3-dichloro-5,6-dicyanop-benzoquinone (DDQ), triethylamine, boron trifluoride diethyl etherate (BF3·OEt2),
iodobenzene diacetate [PhI(OAc)2], triruthenium dodecacarbonyl [Ru3(CO)12], iron(II)
chloride (FeCl2), manganese(II) acetate tetrahydrate [Mn(OAc)2·4H2O], and chloroform-d
were all used as purchased from Sigma-Aldrich Chemical Company.
2.2

Instrumentation
Gas chromatography-mass spectrometry (GC-MS) analysis was performed using an

Agilent GC6890-MS5973 equipped with a flame ionization detector (FID) using a J&W
DB-5 capillary column and an automatic sample injector. UV-vis spectra were recorded
13

using an Agilent 8453 diode array spectrophotometer. Fluorescence spectra were obtained
using a PerkinElmer LS-55 spectrometer. 1H-NMR spectra were obtained using a JEOL
ECA-500 MHz spectrometer at 238K with tetramethylsilane (TMS) as the internal standard
in deuterated chloroform (CDCl3) as the solvent. The chemical shifts (ppm) were reported
relative to the TMS standard peak.

Figure 2-1. (A) Agilent GC6890-MS5973. (B) Agilent 8453 diode array
spectrophotometer. (C) JEOL ECA-500 MHz spectrometer. (D) PerkinElmer LS-55
spectrometer.

Figure 2-16. (A) Agilent GC6890-MS5973. (B) Agilent 8453 diode array
spectrophotometer. (C) JEOL ECA-500 14
MHz spectrometer. (D) PerkinElmer LS-55
spectrometer.

2.3

Methods

2.3.1

Reagent Purification
Commercially available pyrrole and 2-methylpyrrole were separately distilled for

purification. Pyrrole (ca. 10 mL) was added to a 25 mL round-bottom flask fitted with a
water-jacketed distillation head and a magnetic stir bar. The solution was heated between
100 ⁰C to 120 ⁰C and the colorless distillate was collected. The purified pyrrole was used
for porphyrin synthesis and 2-methylpyrrole for the light-harvesting aldehyde synthesis.
2.3.2

General Procedure for Catalytic Oxidations
Photocatalytic reactions were performed using the synthesized metalloporphyrins

complexes to determine catalytic efficiency for the oxidation of various organic substrates
including various p-substituted thioanisoles and p-substituted styrenes as well as a few
other related alkenes. The reactions were performed using a Rayonet photoreactor (RPR100) capable of a wavelength range of 400-500 nm ( max at 419 nm) using 300 W mercury
lamps (RPR-4190 × 12). Sulfide oxidation procedure generally involved the addition of
0.2 mol% catalyst being loaded into a solution of methanol or chloroform (2 mL)
containing PhI(OAc)2 (0.75 mmol) and the sulfide substrate (0.5 mmol) in a ratio of 3:2
oxygen source to substrate in the presence of a small amount of water (4.5 μL). The solution
was then irradiated at 25 ± 2 ⁰C using the Rayonet photoreactor. Alkene epoxidation
followed a similar procedure involving 0.1 mole% of catalyst loaded into a solution of
dichloromethane (2 mL) with 2,6-dichloropyridine N-oxide (0.55 mmol) and alkene
substrate (0.5 mmol). Aliquots of the reaction solutions were taken at constant time
intervals and analyzed on GC-MS to determine product yields and selectivity.
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2.4

Light-harvesting Aldehyde Synthesis

Scheme 2-1. The three-step synthesis of the light-harvesting aldehyde (3)
2.4.1 Synthesis of 1,9-Dimethyl-5-(4-cyanophenyl)dipyrromethane (1)
Figure 1-3728. Metalloporphyrin generations: first generation (a), second generation (b),
synthesis(c).
of the
light-harvesting
aldehyde (3) 26
is derived from methods reported
and thirdThe
generation
Retrieved
from Barona-Castaño.
by Dolphin in 2009 with minor modifications.66 Freshly distilled 2-methylpyrrole (3.125g,
37.0 mmol)
4-formylbenzonitrile
(2.53
18.3 mmol)
were generation
dissolved (b),
in
Figure
1-3729.and
Metalloporphyrin
generations:
firstg,generation
(a), second
26
dichloromethane
(87(c).
mL)
and degassed
with argon for
10 minutes and treated with
and
third generation
Retrieved
from Barona-Castaño.

trifluoroacetic acid (211 μL, 2.75 mmol). The solution was stirred at room temperature for
Figure
Metalloporphyrin
(a), second
generation
(b),
3 hours1-3730.
and monitored
with TLC.generations:
The reactionfirst
wasgeneration
then quenched
with 0.2
M aqueous
26
and
third
(c). Retrieved
NaOH
(87generation
mL) and extracted
with from
ethyl Barona-Castaño.
acetate. Na2SO4 was used to dry the solution and

evaporated with rotary evaporation under vacuum. A yellow solid (2.7 g, 54%) was
Figure 1-3731. Metalloporphyrin generations: first generation
(a), second generation (b),
obtained after column chromatography (silica, CH2Cl2). 1H-NMR analysis was used to
and third generation (c). Retrieved from Barona-Castaño.26
verify the structure and purity (Figure 2-2A).
Yield =1-3732.
2.7 g (54%)
Figure
Metalloporphyrin generations: first generation (a), second generation (b),
and
third generation
(c). Retrieved from Barona-Castaño.26
Rf (silica,
CH2Cl2): 0.5
1
H-NMR (500 MHz, CDCl3): δ, ppm: 7.66 (s, 2H, 2NH); 7.59 (d, 2H, Ar-H); 7.32 (d, 2H,
Figure 1-3733. Metalloporphyrin generations: first generation (a), second generation (b),
Ar-H); 5.80 (t, 2H, β-pyrrole) 5.68 (t, 2H, β-pyrrole); 5.40 (s, 1H, H-meso); 2.21 (s, 6H,
and third generation (c). Retrieved from Barona-Castaño.26
CH3).

Figure 1-3734. Metalloporphyrin generations: first generation (a), second generation (b),
16
and third generation (c). Retrieved from Barona-Castaño.26

2.4.2

Synthesis of 1,9-dimethyl-5-(4-formylphenyl)dipyrromethane (2)
In a 500 mL RBF was added (2.7 g, 9.4 mmols), dichloromethane (91 mL), and a

large stir bar. The solution was degassed with argon for 10 min. DIBAL-H (1 M in hexanes,
18.9 mL, 18.9 mmol) was added in a dropwise manner into solution and stirred for 4 h at
room temperature followed by quenching using saturated aqueous NH4Cl (122 mL) and
stirred for another 2 h. An aqueous solution of NaOH (10%, 122 mL) was added to the
solution. Using vacuum filtration, the red solid was removed from the solution. The
aqueous phase was extracted using ethyl acetate three times. The combined organic layers
were dried with Na2SO4 and evaporated on a rotary evaporator. The dried product was
purified using column chromatography (silica, CH2Cl2). The collected product (1.28 g,
49%) was verified with 1H-NMR analysis (Figure 2-2B), matching literature reported data.
Yield = 1.28 g (49%)
Rf (silica, CH2Cl2): 0.36
1

H-NMR (500 MHz, CDCl3): δ, ppm: 9.97 (s, 1H, CHO); 7.82 (d, 2H, Ar-H); 7.67 (s, 2H,

2NH); 7.39 (d, 2H, Ar-H); 5.80 (t, 2H, β-pyrrole); 5.72 (t, 2H, β-pyrrole); 5.43 (s, 1H, Hmeso); 2.21 (s, 6H, CH3)
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Figure 2-2. (A) 1H-NMR spectrum of (1) in CDCl3 and (B) 1H-NMR spectrum of (2) in
CDCl3.
2.4.3 4,4-Difluoro-3,5-dimethyl-8-(4-formylphenyl)-4-bora-3a,4a-diaza-s-indacene
(3)
Figure 2-23. (A) 1H-NMR spectrum of (1) in CDCl3 and (B) 1H-NMR spectrum of (2) in
CDCl3.

In a 100 mL round-bottom flask, 2 (1.9 g, 6.83 mmol) was dissolved in

dichloromethane (51 mL) and degassed for 10 min. The solution was treated with DDQ
(1.7 g, 7.5
mmol)
stirredspectrum
for 3 h atofroom
being monitored
TLC.
Figure
2-24.
(A) 1and
H-NMR
(1) intemperature
CDCl3 andwhile
(B) 1H-NMR
spectrumwith
of (2)
in
Red
precipitated out of solution. Triethylamine (4.75 mL, 34 mmol) was added
CDClsolid
3.
dropwise into the solution and stirred for 15 min dissolving the red precipitate. This was
1
Figure
(A)dropwise
H-NMRaddition
spectrum
of (1) in
CDCl3 and
(B) 1etherate
H-NMR(4.21
spectrum
of mmol)
(2) in
followed2-25.
by the
of boron
trifluoride
diethyl
mL, 34

CDCl
. stir at room temperature. Vacuum filtration was then performed using celite. The
and a 33-h
crude product was then purified using column chromatography (silica, CH 2Cl2) and a red
Figure 2-26. (A) 1H-NMR spectrum of (1) in CDCl3 and (B) 1H-NMR spectrum of (2) in
solid was collected (652 mg, 30 %). The product was verified using UV-vis (Figure 2-3A)
CDCl
3.
and 1H-NMR analysis (Figure 2-3B).
Yield = 652 mg (30
%)
Figure 2-27. (A) 1H-NMR spectrum of (1) in CDCl3 and (B) 1H-NMR spectrum of (2) in
CDCl
3. (CH2Cl2) λmax/nm: 332, 515
UV-vis
18
Figure 2-28. (A) 1H-NMR spectrum of (1) in CDCl3 and (B) 1H-NMR spectrum of (2) in

Rf (silica, CH2Cl2): 0.76
1

H-NMR (500 MHz, CDCl3): δ, ppm: 10.12 (s, 1H, CHO); 8.00 (d, 2H, Ar-H); 7.66 (d,

2H, Ar-H); 6.64 (d, 2H, β -pyrrole); 6.29 (d, 2H, β -pyrrole); 2.66 (s, 6H, CH3).
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Figure 2-3. (A) UV-vis spectrum ofA3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in CDCl
B 3
2.5
5,10,15,20-tetrakis-(4,4-difluoro-3,5-dimethyl-4-bora-3a,4aFigureSynthesis
2-1305. (A)ofUV-vis
spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
CDCl3
B
A
diaza-s-indacenephenyl)porphyrin,
H2(L-Por) (4)
Figure 2-1306. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
CDCl3

A

B

Figure 2-1307. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
CDCl3

A

B

Figure 2-1308. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
CDCl3

A

B

Figure 2-1309. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
CDCl3
B
A light-harvestingporphyrin.
Scheme
Scheme2-2.
2-2.Single-step
Single-stepsynthesis
synthesisofoflight-harvesting
porphyrin
Figure 2-1310. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
CDCl3 2-2328. (A) 1H-NMR spectrum of (1) in CDCl3 and (B) 1H-NMR spectrum of (2)
Figure
A synthesis of light-harvesting porphyrin. B
in CDCl3.Scheme 2-5. Single-step
Figure 2-1311. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in
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Scheme
2-2. Single-step
synthesis
of light-harvesting
CDCl
32-2329.
Figure
(A) 1H-NMR
spectrum
of (1) in CDCl3porphyrin
and (B) 1H-NMR spectrum of (2)

A

B

in CDCl3.
Figure 2-1312. (A) UV-vis spectrum of 3 in CH2Cl2.; (B) 1H-NMR spectrum of 3 in

Using the previously reported method by Adler et al., the light-harvesting porphyrin
ligand was synthesized. The light-harvesting benzaldehyde 3 (250 mg, 0.77 mmol) and
freshly distilled pyrrole (54 μL, 0.77 mmol) was added to 10 mL of propionic acid and
refluxed. The solution was allowed to cool to room temperature then removed to an ice
bath to promote recrystallization. The precipitate was collected via vacuum filtration using
cold methanol to wash the product. The crude product was purified using column
chromatography (silica, dichloromethane/hexanes) and a red product was collected and
analyzed with UV-vis and 1H-NMR. (Figure 2-4)
Yield = 33 mg (11.5 %)
UV-vis (CH2Cl2) λmax/nm: 358, 420 (Soret) 514
1

H-NMR (500MHz, CDCl3): δ, ppm: 8.97 (s, 8H, β -pyrrole); 8.39 (d, 8H, Ar-H); 7.95 (d,

8H, Ar-H); 7.12 (d, 8H, β -pyrrole); 6.45 (d, 8H, β -pyrrole); 2.76 (s, 24H, CH3); -2.69 (s,
2H, inner-H)
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Figure 2-2847.
(A) UV-vis spectrum of (4) in CH2Cl2 and (B) H-NMR spectrum of (4) in
358
420

Synthesis of ruthenium(II) carbonyl light-harvesting porphyrin [RuII(L-

2.6

Por)](CO)] (5)

Scheme 2-3 Synthesis of ruthenium light-harvesting porphyrin [RuII(L-Por)(CO)]
The free ligand (30.5 mg) was dissolved in 25 mL of 1,2,4-trichlorobenzene and
Schemefor
2-810
Synthesis
of ruthenium
[RuIIfitted
(L-Por)(CO)]
degassed
min with
argon in alight-harvesting
50 mL round porphyrin
bottom flask
with a reflux
condenser. Triruthenium dodecacarbonyl salt (30.5 mg) were added to the solution while
refluxing at 220°C and continued until TLC shows all free ligand has been consumed. The
refluxing was then continued for an additional 20 min. The 1,2,4-trichlorobenzene was
removed from the product via a neutral alumina column flushed with hexane (200-300
mL). A TLC plate under UV light was used to detect the presence of 1,2,4trichlorobenzene. Dichloromethane was then used to elute the desired product. The product
was characterized by UV-vis and 1H-NMR.
Yield = 23 mg (69.4 %)
UV-vis (CH2Cl2) λmax/nm: 339, 411 (Soret) 514
1

H-NMR (500MHz, CDCl3): δ, ppm: 8.80 (s, 8H, β-pyrrole); 8.35 (d, 4H, Ar-H); 8.30 (d,

4H, Ar-H) 7.89 (d, 8H, Ar-H); 7.1 (d, 8H, β-pyrrole); 6.43 (d, 8H, β-pyrrole); 2.78 (s, 24H,
CH3)
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2.7

Synthesis of iron(III) light-harvesting porphyrin FeIII[(L-Por)](Cl) (6)
0.9
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Figure 2-5. (A) 1H-NMR spectrum of (5) in CDCl3 and (B) UV-vis spectrum of (5) in

B

CH2Cl2

B
Figure 2-4129. (A) 1H-NMR spectrum of (5) in CDCl3 and (B) UV-vis spectrum of (5)
in CH2Cl2

B

Figure 2-4130. (A) 1H-NMR spectrum of (5) in CDCl3 and (B) UV-vis spectrum of (5)

B

in CH2Cl2
4
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B
III
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Scheme2-4.
2-4.Synthesis
Synthesis
ironlight-harvesting
light-harvesting
porphyrin
(L-Por)CO
(6)
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UV-vis spectrum
Scheme
ofofiron
porphyrin
FeFe
(L-Por)CO
(6)
1

4

6

of (5)

in CHThe
2Cl2free ligand (40 mg) was dissolved in 20 mL ofIII1,2,4-trichlorobenzene and
B
Scheme
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changes in the Soret band. The 1,2,4-trichlorobenzene was removed from the product
4
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1
Figure 2-4133. (A) H-NMR spectrum of (5) in CDCl3 and (B) UV-vis spectrum of (5)
22
in
CH2Cl2-4.
2
Scheme
Synthesis of iron light-harvesting porphyrin FeIII(L-Por)CO (6)
4
6

B

a neutral alumina column that was flushed with 200-300 mL of hexane. A TLC plate under
UV light was used to check for the presence of 1,2,4-trichlorobenzene using hexane as the
eluent. Dichloromethane was then used to elute the desired product. The product was
stirred in 6 M hydrochloric acid for 30 minutes to insert the chlorine axial ligand. Extraction
via separatory funnel was used to isolate the product and was monitored using litmus paper.
The product was dried with sodium sulfate and the solvent was removed using rotary
evaporation and characterized by UV-vis and 1H-NMR (Figure 2-6).
Rf (silica, CH2Cl2): 0.6
UV-vis (CH2Cl2): λmax/nm: 351, 514, (Soret), 420
H-NMR (500MHz, CDCl3): δ, ppm: 82 ppm, (s, 8H, β-pyrrole);
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Figure 2-6. (A) UV-vis spectrum of (6) in CH2Cl2 and (B) 1H-NMR spectrum of (6)
in CDCl3
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2.8

Synthesis of Manganese(III) Light-Harvesting Porphyrin [MnIII(L-Por)Cl] (7)
The free ligand (40 mg) was dissolved in 50mL of 1,2,4-trichlorobenzene and

degassed for 10 minutes with Argon in a 100 mL round bottom flask with a condenser.
Excess amounts of manganese(II) acetate tetrahydrate salt (340 mg) was added to the
solution and refluxed for 30 min at 220°C (Scheme 1-2). The solution was monitored by
UV-vis spectrometry based on changes in the Soret band. The 1,2,4-thrichlorobenzene was
removed from the product via a neutral alumina column that was flushed with 200-300 mL
of hexane. A TLC plate under UV light was used to check for the presence of 1,2,4trichlorobenzene using hexane as the eluent. Dichloromethane was then used to elute
unreacted free ligand. A dichloromethane/acetone mix was used to collect the desired
product. The solvent was removed using rotary evaporation and characterized by UV-vis
and 1H-NMR (Figure 2-7)

Scheme 2-5 Synthesis of manganese light-harvesting porphyrin [MnIII(L-Por)Cl] (7)
Rf (silica, CH2Cl2/Acetone): 0.88
UV-vis (CH2Cl2): λmax/nm: 350, 514, (Soret), 482
H-NMR (500MHz, CDCl3): δ, ppm: -23 ppm, (s, 8H, β-pyrrole);
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Figure 2-7. (A) UV-vis spectrum of 7 in CH2Cl2 and (B) 1H-NMR spectrum of 7 in
CDCl3

Figure 3-1. Normalized UV-vis spectra of BODIPY aldehyde (dotted line), light-harvesting
porphyrin (solid line), and H2TPP (dashed line). The spectra of 3 and 4 were normalized at
512 nm; the spectra of 4 and H2TPP were normalized at 418 nm.

Figure 3-2. Normalized UV-vis spectra of BODIPY aldehyde (dotted line), lightharvesting porphyrin (solid line), and H2TPP (dashed line). The spectra of 3 and 4 were
normalized at 512 nm; the spectra of 4 and H2TPP were normalized at 418 nm.

Figure 3-3. Normalized UV-vis spectra of BODIPY aldehyde (dotted line), lightharvesting porphyrin (solid line), and H2TPP (dashed line). The spectra of 3 and 4 were
normalized at 512 nm; the spectra of 4 and H2TPP were normalized at 418 nm.
25
Figure 3-4. Normalized UV-vis spectra of BODIPY aldehyde (dotted line), lightharvesting porphyrin (solid line), and H2TPP (dashed line). The spectra of 3 and 4 were

CHAPTER 3
INVESTIGATION OF NOVEL LIGHT-HARVESTING PORPHYRIN FOR
ORGANIC SUBSTRATE OXIDATION
3.1

Introduction
Catalytic oxidation of organic compounds is a key process in industry for

pharmaceuticals and fine chemical production.67–69 In Nature, significant oxidation
processes are often carried out through high-valent metal-oxo complexes as the premier
oxidant. Cytochrome P450 (CYP450) stands as an excellent example, being found within
most living organisms, it is able to catalyze the oxidation of a wide variety of substrates
with high reactivity and selectivity.70–72 The active site responsible for this oxidative
capability is the iron protoporphyrin IX core. Over the past several decades, extensive
effort has been invested into the design and experimentation of transition metalloporphyrin
catalysts as P450 models for use in selective oxidation.7–10 These biomimetic models tend
to employ metals such as ruthenium, iron, and manganese as the porphyrin metal core.73–
75

The formed high-valent metal-oxo intermediates have demonstrated their ability to

oxidize organic substrates at high efficiencies and selectivities, even for the
functionalization of hydrocarbons.71,76
Previous studies conducted by our research lab established that ruthenium(II)
porphyrin catalysts undergo an enhancement in catalytic efficiency upon irradiation of
visible light for the oxidation of sulfides with iodobenzene diacetate as a mild oxygen
source.76 These CYP450 biomimetic models possess strong light absorbance due to the
large π-system within the macrocycle and tend to capture light energy in a narrow range
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within the region between 420 to 480 nm. This light energy aids in the formation of the
metal-oxo intermediates acting as the oxygen atom transfer (OAT) species.76 In order to
expand the region in which more light energy may be captured, a modified porphyrin
structure has been outfitted with boron-dipyrrin (BODIPY) dyes acting as light-harvesting
antennae substituents located on the meso-positions of the porphyrin macrocycle.77,78 The
BODIPY antennae is expected to absorb wavelengths of light beyond that which the normal
porphyrin core absorbs and transfer the energy to the core allowed by the spectral overlap
of the antennae fluorescence and the porphyrin core absorbance spectra.79 In this chapter,
we have explored the photophysical properties and oxidative capabilities of three novel
light-harvesting porphyrin complexes bearing a ruthenium, iron, or manganese atom as the
metalloporphyrin center.
3.2

Photophysical properties
In order to ascertain if the introduction of the BODIPY substituent into the

porphyrin structure successfully allows for absorption of a greater range of light forming a
multichromophoric array, UV-vis spectroscopy was utilized to compare the absorption
spectra of the light-harvesting porphyrin free ligand (4) and two reference compounds
equivalent to the porphyrin macrocycle and BODIPY moiety. Figure 3-1 displays the
normalized absorption spectra for 4 in CH2Cl2 overlaid with the absorption spectra of the
BODIPY aldehyde (3) and the tetraphenyl porphyrin (H2TPP), prepared as reported by
Adler.33 As shown, the absorption spectrum of 4 possesses three distinct absorption bands
at 358, 420, and 514 nm, as well as the porphyrin Q-bands in the 500 to 600 nm region.
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Figure 3-1. Normalized UV-vis spectra of BODIPY aldehyde (dotted line), lightharvesting porphyrin (solid line), and H2TPP (dashed line). The spectra of 3 and 4 were
normalized at 512 nm; the spectra of 4 and H2TPP were normalized at 418 nm.
In comparison to H2TPP acting as an unsubstituted free ligand analog, 4 is
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Figure 3-262. Normalized UV-vis spectra of BODIPY aldehyde (dotted line), lightharvesting porphyrin (solid line), and H2TPP (dashed line). The spectra of 3 and 4 were
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normalized at 512 nm; the spectra of 4 and H2TPP were normalized at 418 nm.
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Figure 3-2. UV-vis spectra of light-harvesting porphyrin 4 (dashed line) and [RuII(LPor)(CO)] 5 (solid line).
Figure 3-3A displays the fluorescent emission spectra of the 3 and 4 both excited
at 510 nm in CH2Cl2. As shown, 3 displays a strong emission at 544 nm while 4 only
demonstrates fluorescence only at 654 and 720 nm. Likewise, the ruthenium(II) carbonyl
porphyrin complex (5) displays a similar fluorescence spectrum to that of the free ligand
Figure 3-1283. UV-vis spectra of light-harvesting porphyrin 4 (dashed line) and
with an addition emission at 421 nm (Fig 3-3B). The lack of fluorescence for both 4 and 5
[RuII(L-Por)(CO)] 5 (solid line).
within a similar range as 3 suggests an internal energy transfer process within the lightharvesting porphyrin structure.82 The overlap of the fluorescent emission spectrum of the
BODIPY moiety with the Q-band absorbance region between 500 and 600 nm may allow
for non-radiative energy transfer from the peripheral BODIPY chromophores to the
Figure 3-1284. UV-vis spectra of light-harvesting porphyrin
4 (dashed line) and
porphyrin core via Förster resonance energy transfer (FRET).83
[RuII(L-Por)(CO)] 5 (solid line).
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Figure 3-3. (A) Fluorescence spectra of 3 (red) and 4 (blue) in CH2Cl2 at equal absorbance
at 515 nm, both excited at 510 nm. (B) Fluorescence spectrum of 5 in CH2Cl2 excited at
419 nm.

3.3

Visible light-induced formation

and

kinetic studies of

high-valent

manganese(IV)-oxo light-harvesting porphyrin [MnIV(L-Por)O]
3.3.1

Chemical generation of [MnIV(L-Por)O]

Figure 3-1286. (A) Fluorescence spectra of 3 (red) and 4 (blue) in CH2Cl2 at equal
Generation of the high-valent manganese(IV)-oxo (8) intermediate was performed
absorbance at 515 nm, both excited at 510 nm. (B) Fluorescence spectrum of 5 in CH2Cl2
through the chemical oxidation of manganese(III) light-harvesting porphyrin (7) upon the
excited at 419 nm.
addition of the sacrificial oxidant iodobenzene diacetate [PhI(OAc)2] in excess (Scheme 31). Figure 3-4A displays time-resolved spectra of the formation of the MnIV(L-Por)O from
the oxidation of MnIII(L-Por) with 10 equivalents of PhI(OAc)2 over 1 s in CH3CN. The
growth of the 428 nm peak is indicative of the formation of the Mn IV-oxo species being
IV and 4 (blue) in CH2Cl75
Figure
3-1287.
spectra
of 3 Mn
(red)
equal
consistent
with (A)
the Fluorescence
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previous
-oxo porphyrin species. 2 atFurther

absorbance at 515 nm, both excited at 510 nm. (B) Fluorescence spectrum of 5 in CH2Cl2
excited at 419 nm.
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indication is given by the decay of the previously characterized MnIII(L-Por) Soret band at
480 nm.
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Scheme 3-1. Chemical formation (left) and photochemical formation (right) of
manganese(IV)-oxo porphyrin.

Scheme 3-2. Chemical formation (left) and photochemical formation (right) of
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Figure 3-4. (A) Time-resolved spectra of [MnIV(L-Por)O] following the chemical oxidation
of [MnIII(L-Por)Cl] in CH3CN with PhI(OAc)2 (10 equiv.) over 1s. (B) Time-resolved spectra
of [MnIV(L-Por)O]following photochemical oxidation of [MnIII(L-Por)(ClO3)] in CH3CN with
100 equiv. of AgClO3 over 35s.
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IV

3.3.2

Photochemical generation of [MnIV(L-Por)O]
Three distinct manganese-salt complexes were generated from 7 upon the addition

of excess inorganic salts: silver chlorate, silver bromate, or silver nitrite. The edition of one
of these silver salts in solution with 7 leads to the formation of highly photo-labile
manganese chlorate, bromate, or nitrite salts. Photolysis of these manganese salt complexes
is induced upon irradiation with visible light. The irradiation leads to homolytic cleavage
of the O-X (X = Cl, Br, or N) to yield MnIV(L-Por)O (8). Figure 3-4B displays the timeresolved spectra of formation of MnIV-oxo intermediates upon photolysis using visible light
on manganese chlorate complex. The MnIV-oxo intermediate formed by visible light
photolysis on all three salt complexes exhibits the similar spectral signature, matching
those chemically generated by oxidation of 7 with PhI(OAc)2. Therefore, it can be
concluded that both methods of oxidation produce the same oxide product.
3.3.3

Kinetic studies of [MnIV(L-Por)O]
Time-resolved spectra and kinetic studies of the oxidation of thioanisole using the

chemically-generated [MnIV(L-Por)O] intermediate were undertaken. Figure 3-5A
displayed a time-resolved spectrum of the high-valent MnIV-oxo intermediate 8 reacting
with thioanisole (0.1M) in CH3CN and reforming the [MnIII(L-Por)]. The spectra show the
decay of the MnIV Soret band at 428 nm and growth of the MnIII Soret band at 480 nm.
Several rate constants were obtained for the reaction of 8 with varying concentrations of
thioanisole in CH3CN and 10 equivalence of PhI(OAc)2. A kinetic plot was created from
the rate constants observed from the reaction of 8 with various concentrations of the
substrate thioanisole where the observed rate constants increased as a function of substrate

32

concentration (Fig. 3-5B). The plot displays a linear relationship where the slope gave the
second-order rate constant as kox (M-1s-1) = 0.4158. This is a much slower rate than
predicted. Rates of previous manganese(IV)-oxo porphyrins demonstrate a reaction rate of
at least a magnitude higher for the oxidation of thioanisole.84
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Figure 3-5. (A) Time-resolved spectra of [MnIV(L-Por)O] reacting in CH3CN with
thioanisole (0.1M) and PhI(OAc)2 (10 equiv.) over 40s. (B) Kinetic plots of the observed
rate constants of [MnIV(L-Por)O] versus the concentration of thioanisole in CH3CN with
PhI(OAc)2 (10 equiv.).
3.4

Catalytic oxidations using novel light-harvesting metalloporphyrins

3.4.1

Catalytic oxidations using [RuII(L-Por)(CO)] (5)
Previous studies have demonstrated the ability of ruthenium(II) carbonyl

Figure 3-1292. (A) Time-resolved spectra of [MnIV(L-Por)O] reacting in CH3CN with
porphyrins to undergo photo-induced decarbonylation to generate a more reactive form of
thioanisole
(0.1M) and PhI(OAc)2 (10 equiv.) over 40s. (B) Kinetic plots of the observed
the RuII catalyst. Therefore, all
oxidation trials were carried out under visible light
IV
rate
constants
76 of [Mn (L-Por)O] versus the concentration of thioanisole in CH3CN with
irradiation.
Various p-substituted thioanisoles were utilized as substrates to investigate

PhI(OAc)
2 (10 equiv.).
the efficiency
of the ruthenium light-harvesting porphyrin for sulfoxidation in optimal
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conditions. All sulfoxidations were performed in CH3OH in the presence of a small amount
of water (4.5 µL). PhI(OAc)2 acted as the mild oxygen source with 1.5 equivalence of
substrate ensuring full conversion of substrates to products. Only 0.2 mol% of 5 was used
for these reactions (Table 3-1). Excellent oxidation efficiency is observed in nearly all
cases with complete conversions of substrate to product being reached in less than 2 h in
many cases. This is a noticeable advancement in efficiency compared to similar to
ruthenium(II) porphyrin complexes without the BODIPY moiety utilized in previous
studies.
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Figure 3-6. Time courses of oxidation of thioanisole (0.5 mmol) with PhI(OAc)2 (0.75

mmol) in CH3OH (2 mL) at room temperature catalyzed by ruthenium(II) porphyrin 5 (1
mmol) in the presence of H2O (4.5 mL) with visible light (red line with black circle) and
without visible light (black line with white circle).
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Thioanisole oxidation with 5 under visible light is shown to reach near full
conversion within 1.5 h whereas [RuII(TMP)(CO)] is considerably slower requiring 6 h for
complete conversion where TMP is tetrametsitylporphyrin. Also observed throughout the
trials is good to excellent selectivity for sulfoxide over sulfone. As displayed in Fig. 6, the
conversion efficiency of 5 considerably increases with exposure to visible light. This
noticeable light effect is observed for all substrates.
Also investigated was the catalytic potential of 5 for the epoxidation of various
alkenes. Due to the efficiency with which ruthenium porphyrins have been able to catalyze
the oxidation of hydrocarbons and olefins using substituted pyridine N-oxides, 2,6dichloropyridine N-oxide (Cl2pyNO) was chosen as the oxygen source for these
epoxidation trials (Table 3-2).85,86 The Cl2pyNO was administered in a 1 to 1.1 ratio of
substrate to oxygen source (0.5 mmol to 0.55 mmol) along with 0.5 µmol of catalyst.
Similar to the sulfoxidation trials, an increase in epoxidation efficiency under
visible light irradiation can be seen (Table 3-2, entries 1 and 2). The oxidation of styrene
with 5 yields an 88% conversion after 6 h. In the same conditions, less than 5% of styrene
is transformed to its corresponding oxide without light. As well, all olefin oxidation trials
yielded excellent selectivity. Both cis-stilbene and cis-cyclooctene demonstrated complete
stereoretention for the oxide product. However, changing the solvent from CH2Cl2 to
toluene or dichloroethane (entries 3-4 in Table 3-2) led to catalyst degradation and a
decrease in conversion rates.
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Table 3-1 Catalytic sulfoxidation for sulfide substrates by RuII(L-Por)(CO).a
Entry
Substrate
Time
Conv.b
Product
Selectivity c TON
(min)
(%)
O
S

S

1

90

100

2d

240

97

92:08

460

93:07

451

96:04

466

85:15

408

87:13

435

88:12

440

76:24

190

O
S

3

60

97
F

O
S

S

4

60

96

Cl

Cl
S

O

5

75

S

100

O
S

S

6

90

H3 CO

100
H3 CO

O
S

7

a

S

120

50

All reactions were conducted with visible light irradiation (λmax = 420nm) in a Rayonet

reactor or otherwise noted. All reactions were performed in CH3OH (2 mL) at ca. 23°C
with 1.5 equiv. of PhI(OAc)2 (0.75 mmol), substrate (0.5 mmol), 0.2 mol% catalyst in the
presence of H2O (4.5μL); only sulfoxide and small amounts of sulfone were detected by
GC-MS analysis of the crude reaction mixture b Based on the conversion from substrate to
products c Ratio of products (sulfoxide : sulfone). d Without visible light irradiation.
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Table 3-2 Catalytic epoxidation for alkene substrates by RuII(L-Por)(CO).a
Entry
Substrate
Time
Conv.b
Product
Selectivity c TON
(h)
(%)
1
6
88.2
95.3
841
2d
6
<2
> 99%
n.d.
e
3
6
64.3
97.9
630
4f
3
55.5
95.1
480

a

5

6

41.0

94.3

387

6

6

74.7

97.0

725

7

6

22.4

81.8

183

8
9d

6
6

34.8
<1

98.4
n.d.

171
n.d.

10

6

38.2

98.4

376

All reactions were conducted under visible light irradiation (λmax = 420nm) in a Rayonet

reactor or otherwise noted. All reactions were performed in CH2Cl2 (2 mL) at ca. 23°C
with 1.1 equiv. of 2,6-Cl2PyNO (0.55 mmol), substrate (0.5 mmol), 0.1 mol% catalyst (0.5
μmol); only epoxide and small amounts of phenyl acetaldehyde were detected by GC-MS
analysis of the crude reaction mixture. b Based on the conversion from substrate to products.
c

Yield of epoxide. d Without visible light irradiation e Reaction was conducted in toluene

(2 mL). f Reaction was conducted in dichloroethane (2 mL).
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3.4.2

Catalytic oxidations using [FeIII(L-Por)Cl] (6)
Preliminary oxidation trials were performed using this new iron(III) light-

harvesting porphyrin chloride in a similar manner as with 5. High-valent iron porphyrins
are found commonly throughout Nature such as in biological catalytic cycles of specific
proteins such as CYP450 which possesses a heme cofactor as the active site. Iron porphyrin
complexes tend to be more widely used than their manganese or ruthenium counterparts
toward substrate oxidations. Unsubstituted thioanisole was chosen as the substrate of focus
for oxidation trials using two different catalyst loads. As seen in Table 3-3 entries 3 and 4,
a catalyst load of 0.15 mol% was prepared. This is of the same magnitude as that of 5 and
7 used for the oxidation of thioanisole. The result was 85% conversion in 5 min with and
without light as well as excellent selectivity. A second catalyst load of 0.015 mol% was
prepared and resulted in full conversion reached within 1 h with excellent selectivity.
Oxidation of thioanisole using 6 was found to be far more efficient than with either 5 or 7
with much greater TON. A strong increase in catalytic efficiency with exposure to visible
light suggests an increase in efficiency of the catalyst due to enhanced light absorbance
due to the multichromophoric array.
In contrast, cis-cyclooctene epoxidation did not proceed well with only 6.3%
conversion after 1 h with light. The reaction was conducted in a similar manner as 5 and 6
in 2 mL of chloroform with 0.5 mol% catalyst loading with cis-cyclooctene (0.2 mmol)
and 1.5 equivalence of PhI(OAc)2 (0.3 mmol) as the oxygen source in the presence of water
(4.5 µL). While selectivity was excellent with only the epoxide being detected by GC-MS
analysis, it yielded poor catalytic efficiency. As can be seen, the ideal conditions for this
iron porphyrin catalysis trial have not yet been discovered.
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It is possible that the light source used for these reactions may have been too strong,
leading to catalyst bleaching or transformation into a less active species. As well,
substituting the ortho positions of the phenyl ring attached to the dipyrrin moiety with a
bulky substituent will prevent the formation of a potential stable dimeric species that may
be interfering with the oxidation. Further experimentation with differing solvents,
substrates, substituents and light sources may improve the catalytic efficiency of the iron
light-harvesting catalyst.
Table 3-3 Catalytic sulfoxidation for sulfide substrates by FeIII(L-Por)Cl.a
Entry
Substrate
Time
Conv.b
Product
Selectivity c TON
(min)
(%)

a

1
2d

60
60

99.5
42.9

96:04
96:04

6368
2746

3e
4de
5f
6df

5
5
60
60

84.7
86.9
6.3
2.8

97:03
97:03
100
100

548
561
13
6

O

All reactions were conducted with visible light irradiation (λmax = 420nm) in a Rayonet

reactor or otherwise noted. All reactions were performed in CHCl3 (2 mL) at ca. 23°C with
1.5 equiv. of PhI(OAc)2 (0.75 mmol), substrate (0.5 mmol), 0.015 mol% catalyst (0.075
μmol) in the presence of H2O (4.5μL); only sulfoxide and small amounts of sulfone were
detected by GC-MS analysis of the crude reaction mixture. b Based on the conversion from
substrate to products.

c

Ratio of products (substrate : oxide).

d

Without visible light

irradiation. e 0.15 mol% catalyst (0.75 μmol) loading. f Reaction was performed in CH2Cl2
(2 mL) at ca. 23°C with 1.5 equiv. of PhI(OAc)2 (0.3 mmol), substrate (0.2 mmol), 0.5
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mol% catalyst (1.0 μmol) in the presence of H2O (4.5μL); only epoxide was detected by
GC-MS analysis of the crude reaction mixture.

3.4.3

Catalytic oxidations using [MnIII(L-Por)Cl] (7)
Preliminary oxidation trials were conducted using 7 in a manner similar to 5 and 6

(Table 3-4) Unsubstituted thioanisole (0.5 mmol) was selected as the substrate for
sulfoxidation by 7 (0.2 mol%) using 1.5 equivalence of PhI(OAc)2 (0.75 mmol) in CHCl3
(2 mL) in the presence of a small amount of water (4.5 µL). The results were poor
conversion near 30% in 1 h with good selectivity. No appreciable accelerating effect was
found upon exposure to light.
Table 3-4 Catalytic sulfoxidation for sulfide substrates by MnIII(L-Por)Cl.a
Entry
Substrate
Time (min)
Conv.b
Product
Selectivity c TON
(%)

a

1

60

24.3

85:15

103

2d

60

27.2

84:16

114

3e

60

32.9

74:26

162

4de

60

37.6

80:20

201

All reactions were conducted with visible light irradiation (λmax = 420nm) in a Rayonet

reactor or otherwise noted. All reactions were performed in CHCl3 (2 mL) at ca. 23°C with
1.5 equiv. of PhI(OAc)2 (0.75 mmol), substrate (0.5 mmol), 0.2 mol% catalyst (1.0 μmol)
in the presence of H2O (4.5μL); only sulfoxide and small amounts of sulfone were detected
by GC-MS analysis of the crude reaction mixture. b Based on the conversion from substrate
to products. c Ratio of products (sulfoxide : sulfone). d Without visible light irradiation.
e

0.15 mol% catalyst (0.75 μmol) loading.
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Table 3-5 Catalytic epoxidation for alkene substrates by [MnIII(L-Por)Cl].a
Entry
Substrate
Time (h) Conv.b (%) Product
Selectivity c TON

a

1
2d

1
1

12.5
7.7

100
100

25
15

3
4d

6
6

14.9
10.3

100
100

30
21

All reactions were conducted with visible light irradiation (λmax = 420nm) in a Rayonet

reactor or otherwise noted. All reactions were performed in CH2Cl2 (2 mL) at ca. 23°C
with 1.5 equiv. of PhI(OAc)2 (0.3 mmol), substrate (0.2 mmol), 0.5 mol% catalyst (1.0
μmol) in the presence of H2O (4.5μL) b Based on the conversion from substrate to products.
c

Yield of epoxide. d Without visible light irradiation.
Epoxidation using 7 gave similar results to the sulfoxidation trials. Epoxidation

trials were performed with cis-cyclooctene (0.2 mmol) as substrate with 1.5 equivalence of
PhI(OAc)2 (0.3 mmol) as the oxygen source in CH2Cl2. 0.5 mol% of catalyst was
introduced in the presence of water (4.5 µL). The results were less than 15% conversion
with or without light after 1 hour. A similar trial was conducted with styrene with less than
15% conversion after 6 h. The small difference of epoxide yields between trials with and
without light may indicate a mild light accelerating effect. Likely there exists similar
reasoning for the lack of reactivity for both the manganese porphyrin-catalyzed reactions
and the iron porphyrin-catalyzed epoxidation. The potential formation of a stable dimeric
species has not yet been disproved and may be investigated in the future. As well, it is
likely that the oxidation trials were not being performed in optimal conditions for the
catalysts and so further experimentation with varying light-sources, substrates, and
solvents may potentially lead to improved catalytic efficiency.
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Chapter 4
CONCLUSION
In summary, a popular organic fluorophore, boron dipyrrin (BODIPY) was
successfully synthesized as an efficient light-harvesting unit that can be linked to
metalloporphyrin complexes. The fluorophore was incorporated as a substituent on the
porphyrin scaffolding to act as an antenna to capture a broad range of visible light. In this
work, ruthenium, iron, and manganese complexes supported by the light-harvesting
BODIPY-porphyrin ligand have been successfully synthesized and characterized for the
first time.
Florescence spectrometry was utilized to identify the overlap of the fluorescence
spectrum of the light-harvesting BODIPY substituent with the absorption spectrum of the
porphyrin chromophore at the Q band region, which fulfills the requirements for excited
energy transfer (EET) of the light energy absorbed by the antennae system to the reaction
center through the Förster mechanism. This is expected to increase the efficiency at which
these compounds catalyze oxidative transformations. As well, time resolved spectra for the
formation of the manganese(IV)-oxo intermediate has been collected for both chemical and
photochemical oxidation mechanisms in which it is shown that both methods result in the
formation of the same oxidant species.
Preliminary oxidation trials were conducted with each of the novel
metalloporphyrin catalysts. Ruthenium light-harvesting porphyrin displayed a remarkable
catalytic activity for the oxidation of both sulfides and alkenes, demonstrating a definite
light accelerating effect in catalytic activity upon visible light irradiation. In contrast, the
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manganese and iron complexes did not show light enhanced effects on epoxidation and
sulfoxidation reactions.
The future of this research is to investigate this novel method of enhancing the lightharvesting capability of metalloporphyrin and further improve the efficiency at which these
biomimetic

photocatalysts

operate.

Future

investigations

into

light-harvesting

metalloporphyrin will seek to identify the best possible reaction conditions for catalytic
oxidation trials for these complexes such as performing screening studies as well as
identifying possible solvent effects and substrate scope. Modifications of the substituent
structure to alter the electronic environment of the catalyst, such as the addition of electronwithdrawing substituents onto the ortho positions of the phenyl rings connected to the
dipyrrin, may further enhance the catalytic capabilities of these light-harvesting
compounds.
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